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Proline (Pro) is one of the most widely distributed osmolytes in water-stressed plants. We previously isolated from
Arabidopsis a gene encoding Pro dehydrogenase (ProDH), a mitochondrial enzyme involved in the first step of the
conversion of Pro to glutamic acid. The ProDH gene in Arabidopsis is up-regulated by rehydration after dehydration but is
down-regulated by dehydration. ProDH is also induced by l-Pro and hypoosmolarity. The induction of ProDH expression
under rehydration seems to be caused by both accumulated Pro and hypoosmolarity. We analyzed a DNA region that is
located 5� to the transcription start site (a promoter region) of ProDH to identify cis-acting elements involved in l-Pro-
induced and hypoosmolarity-induced expression in transgenic tobacco (Nicotiana tabacum) and Arabidopsis plants. We
found that a 9-bp sequence, ACTCATCCT, in the ProDH promoter is necessary for the efficient expression of ProDH in
response to l-Pro and hypoosmolarity. Moreover, ACTCAT is a core cis-acting element, which we have called Pro- or
hypoosmolarity-responsive element (PRE), that is necessary for l-Pro-responsive and hypoosmolarity-responsive expression
of ProDH. Microarray and RNA gel-blot analyses showed that 21 l-Pro-inducible genes have the PRE sequences in their
promoter regions. These results indicate that the PRE sequence play an important role in the l-Pro-responsive gene
expression.

Plant growth and productivity are greatly affected
by osmotic or water stress caused by drought or high
salinity. Plants respond and adapt to osmotic stress
to survive. Many plants accumulate compatible os-
molytes, such as Pro, Gly betaine, or sugar alcohols,
when they are subjected to osmotic stress (Hellebust,
1976; Delauney and Verma, 1993). Among these, Pro
is the most diversely used osmolyte accumulated
under osmotic stress conditions in plants (Singh et
al., 1972; McCue and Hanson, 1990; Delauney and
Verma, 1993). Pro is accumulated not only in plants
but also in eubacteria, protozoa, marine inverte-
brates, and algae (Measures, 1975; McCue and Han-
son, 1990; Delauney and Verma, 1993). Pro has some
significant roles as a sink of energy or reducing
power (Walton et al., 1991), as a source of carbon and
nitrogen compounds (Ahmad and Hellebust, 1988;
Peng et al., 1996), as a hydroxyl radical scavenger

(Smirnoff and Cumbes, 1989), and in protection of
plasma membrane integrity (Mansour, 1998) in
plants under osmotic stress.

There are two routes for Pro biosynthesis: Pro is
produced from Glu through the Glu pathway and
from Orn through the Orn pathway. Glu is the pri-
mary precursor rather than Orn for Pro biosynthesis
in osmotically stressed plants (Hu et al., 1992;
Delauney et al., 1993; Roosens et al., 1998). The accu-
mulation of Pro in dehydrated plants is caused by
both the activation of Pro biosynthesis and the inac-
tivation of Pro metabolism (Yoshiba et al., 1995; Kiyo-
sue et al., 1996; Peng et al., 1996; Verbruggen et al.,
1996; Nakashima et al., 1998; Yoshiba et al., 1999). A
decrease in the level of accumulated Pro in rehy-
drated plants is conversely caused by both the inac-
tivation of biosynthesis and the activation of metab-
olism. In higher plants, l-Pro is synthesized from
l-Glu via �1-pyrroline-5-carboxylate (P5C) by two
enzymes, P5C synthetase and P5C reductase. l-Pro is
metabolized to l-Glu via P5C by two enzymes, Pro
dehydrogenase (ProDH) and P5C dehydrogenase
(Yoshiba et al., 1997; Strizhov et al., 1997). P5C syn-
thetase and ProDH catalyze the first step and the
rate-limiting step, respectively. The accumulation of
Pro in transgenic Arabidopsis plants that overex-
pressed antisense ProDH cDNA improved stress tol-
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erance to freezing and high salinity, which indicates
the important role of ProDH in Pro metabolism
(Nanjo et al., 1999a).

In a previous report, we showed that the expres-
sion of the ProDH gene is repressed by dehydration,
but is induced by rehydration after dehydration for
10 h (Kiyosue et al., 1996; Peng et al., 1996; Verbrug-
gen et al., 1996). A high level of transcripts of ProDH
was also detected when plants were incubated in
medium containing l-Pro (Kiyosue et al., 1996; Peng
et al., 1996; Verbruggen et al., 1996; Nakashima et al.,
1998) or under hypoosmotic conditions (Nakashima
et al., 1998). Therefore, the induction of ProDH ex-
pression under rehydration seems to be caused not
only by accumulated Pro but also by hypoosmolarity.
The elucidation of ProDH expression may be helpful
in understanding the molecular process of the recov-
ery of plants from osmotic stress.

We analyzed the expression of the �-glucuronidase
(GUS) reporter gene, driven by the 1.4-kb ProDH pro-
moter, in transgenic Arabidopsis plants and found
that the gene expression of ProDH is controlled by its
promoter region (Nakashima et al., 1998). The 1.4-kb
ProDH promoter region contains cis-acting elements
involved in l-Pro- and hypoosmolarity-inducible ex-
pression of ProDH. To understand this expression of
ProDH in detail, we analyzed the cis-acting elements
by using transgenic tobacco (Nicotiana tabacum) and
Arabidopsis plants containing a fused gene consist-
ing of deleted or base-substituted DNA fragments of
the ProDH promoter and the luciferase (LUC) or GUS
reporter genes. We determined a novel cis-acting
element involved in l-Pro- and hypoosmolarity-
responsive expression of ProDH.

RESULTS

5�-Deletion Analysis of the ProDH Promoter
Regions Involved in L-Pro- and
Hypoosmolarity-Inducible Expression

The nucleotide sequence of the 750-bp ProDH pro-
moter region is shown in Figure 1. To examine the
cis-acting elements involved in the l-Pro- and
hypoosmolarity-inducible expression, we prepared
transcriptional fusion genes consisting of the 5�-
deleted ProDH promoter regions fused to the LUC
reporter gene and introduced them into tobacco and
Arabidopsis plants by Agrobacterium tumefaciens in-
fection. We prepared six constructs containing frag-
ments deleted to positions �750, �564, �379, �191,
�77, and �42 in the promoter region—namely, 5D1,
5D2, 5D3, 5D4, 5D5, and 5D6 respectively—and
made stable transformants (Fig. 2A). Three-week-old
T2 transgenic tobacco plants were transferred from
germination medium (GM) agar plates and placed in
hydroponic conditions for 24 h in DW or 0.09 m l-Pro
solution. Incubation in DW or l-Pro solution in-
creased the LUC activity of the T2 transgenic tobacco
plants containing the 5D1 construct, but did not in-

crease the activity of the 5D2, 5D3, 5D4, 5D5, or 5D6
transformants (Fig. 2B). We got similar results when
we used 3-week-old T2 transgenic Arabidopsis plants
(Fig. 2C). These results indicate that at least one cis-
acting element for the l-Pro- and hypoosmolarity-
inducible expression of ProDH is localized in the re-
gion between positions �750 and �564 of the ProDH
promoter.

3�-Deletion Analysis of the ProDH Promoter
Regions Involved in L-Pro- and
Hypoosmolarity-Inducible Expression

We constructed 3�-deleted fragments of the ProDH
promoter fused to the LUC reporter gene and intro-
duced the chimeric genes into tobacco and Arabidop-
sis plants by A. tumefaciens infection. Five chimeric
gene fusions contained the ProDH minimal TATA
box sequence (5D6 fragment) and the ProDH pro-
moter regions �750 to �78, �750 to �192, �750 to
�380, �750 to �565, and �750 to �661 (namely, 3D1,
3D2, 3D3, 3D4, and 3D5, respectively; Fig. 3A). All of
the T1 transgenic tobacco plants containing these
constructs showed the l-Pro- and hypoosmolarity-
inducible expression of the LUC gene (Fig. 3B). The
3D6 construct, which lacked 20-bp fragments (includ-
ing a MYC recognition site) from the 5� end of the
3D5 fragment, also functioned in the induction of
LUC gene expression (Fig. 3B). The 3D1, 3D2, 3D3,
and 3D4 constructs contain a couple of 9-bp direct
repeat sequences (ACTCATCCT) in the region be-
tween �720 and �712 (first repeat) and between
�591 and �583 (second repeat). The 3D5 and 3D6
constructs contained only the first repeat sequence.
Then we made construct 3D7, which had only the
second repeat sequence in the ProDH promoter. The
3D7 construct also functioned in the l-Pro- and

Figure 1. Nucleotide sequence of the promoter region of ProDH.
Underlines show the putative TATA box (TATAA), G-box-like se-
quence (ACGTG), MYB recognition site (PyAACNPu), MYC recogni-
tion site (CANNTG), and as-1 sequence (TGACG). f, The direct
repeat sequence ACTCATCCT. Œ, Start points of 5�-deleted deriva-
tives. The nucleotide sequence was analyzed with the Genetyx
software system (Software Development, Tokyo).
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hypoosmolarity-inducible expression of LUC. In con-
trast, constructs 3D8 and 3D9, which had no direct
repeat sequence, did not function in either l-Pro- or
hypoosmolarity-inducible expression of LUC. These re-
sults suggest that at least one of the 9-bp direct repeat
sequences is necessary for l-Pro- and hypoosmolarity-
inducible expression in the ProDH promoter in the T1
tobacco plants.

On the other hand, the 3-week-old T2 transgenic
Arabidopsis seedlings with the 3D4 construct, con-
taining a couple of direct repeat sequences, showed
significant induction of LUC activity by l-Pro or
hypoosmolarity, whereas the transgenic Arabidopsis
seedlings with the 3D5, 3D6, and 3D7 constructs
containing one of the direct repeat sequences did not
(Fig. 3C). These results suggest that two direct repeat
sequences (ACTCATCCT) may be necessary for
l-Pro- and hypoosmolarity-inducible expression of
ProDH in Arabidopsis plants.

ACTCAT Sequence Is Required for L-Pro- and
Hypoosmolarity-Responsive Expression of ProDH

Seven base-substituted 3D6 fragments were fused
to the 5D6 minimal TATA promoter and LUC and
were introduced into tobacco plants (Fig. 4A). We
observed l-Pro- and hypoosmolarity-inducible ex-
pression of LUC in transgenic tobacco plants contain-
ing the M1 and M7 constructs but not in plants
containing the M2, M3, M4, M5, or M6 constructs
(Fig. 4B). We then prepared transgenic tobacco plants
containing the construct with a tandemly repeated
dimer of the mutated 3D6 fragments fused to the 5D6
minimal TATA promoter and LUC. The leaves of the
T1 transgenic tobacco plants containing the M1�2,
M2�2, M3�2, M6�2, and M7�2 constructs showed
l-Pro- and hypoosmolarity-inducible expression of
LUC activity, but the leaves of plants containing the
M4�2 and M5�2 constructs did not (Fig. 4B). We
deleted 23-bp sequences from the 3� end of the 3D6
fragment, and made the M8 construct by using the
deleted fragment fused to the 5D6 minimal TATA
promoter and LUC (Fig. 4A). The leaves of the T1
transgenic tobacco plants containing the M8 con-
struct also showed l-Pro- and hypoosmolarity-
inducible expression of LUC activity (Fig. 4B). These
results indicate that the 9-bp ACTCATCCT sequence
and the 5�-flanking sequence are necessary for the
efficient expression of the ProDH gene in response to
l-Pro and hypoosmolarity and that ACTCAT in the
9-bp sequence is the core element.

induction of LUC activity (ratio of after treatment to before treatment)
by DW and L-Pro treatments are shown at the right. Bars indicate SE.
C, LUC activity in transgenic Arabidopsis plants containing 5�-
terminal deletions of the ProDH promoter fused to LUC. T2 seedlings
of Arabidopsis were incubated in DW or 0.09 M L-Pro for 24 h. LUC
activity was measured in seven independent transformant lines for
each construct. We measured three plants for each line and showed
average values.

Figure 2. 5�-Deletion analysis of the ProDH promoter for the L-Pro-
and hypoosmolarity-responsive induction of the LUC reporter gene
in transgenic tobacco and Arabidopsis plants. A, Schematics of the
5�-terminal deletions of the ProDH promoter fused to the LUC re-
porter gene. Arrows indicate 9-bp direct repeat sequences. B, LUC
activity in transgenic tobacco plants containing 5�-terminal deletions
of the ProDH promoter fused to the LUC gene. T2 seedlings of
tobacco were incubated in distilled water (DW) or in 0.09 M L-Pro for
24 h. LUC activity was measured in three plants of seven indepen-
dent transformant lines for each construct. Multiplication factors of
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Expression of GUS Activity in Transgenic Arabidopsis
Containing the ProDH Promoter Construct with One
Direct Repeat Sequence

To examine whether the 3D5 fragment, containing
one direct repeat sequence (ACTCATCCT), is suffi-
cient for l-Pro- and hypoosmolarity-inducible ex-
pression of ProDH in Arabidopsis plants, we re-
placed the LUC reporter gene of the 3D5 construct
with the GUS reporter gene (3D5-GUS construct). We
also analyzed another construct as a positive control:
the 1.4-kb promoter-GUS construct, with a chimeric
gene consisting of the 1.4-kb ProDH promoter region
and the GUS reporter gene. We examined GUS ex-
pression in T2 transgenic Arabidopsis plants contain-
ing the 1.4-kb promoter-GUS or 3D5-GUS construct
(Fig. 5, A and B). Incubation in DW or l-Pro solution
increased GUS activity in Arabidopsis plants contain-
ing the 1.4-kb promoter-GUS construct (Fig. 5A) and
in plants containing the 3D5-GUS construct (Fig. 5B).
Two-week-old transgenic Arabidopsis plants con-
taining the 1.4-kb promoter-GUS construct treated
with DW or l-Pro showed strong GUS staining in
whole Arabidopsis plants (Fig. 5, D and E). On the
other hand, 17-d-old 3D5-GUS transgenic plants
treated with DW or l-Pro showed strong GUS stain-
ing in leaves and stems but weak staining in roots
(Fig. 5, G and H).

We also carried out RNA gel-blot analysis to ana-
lyze the expression of the GUS reporter gene in the
3-week-old T3 transgenic Arabidopsis plants contain-
ing the 1.4-kb promoter-GUS, 3D5-GUS, 3D6-GUS,
M3-GUS, M4-GUS, M5-GUS, M6-GUS, or 35S-GUS
constructs treated with DW, GM, l-Pro, d-Pro, and
dehydration (Fig. 6). The 35S-GUS construct was ex-
pressed constitutively. The 1.4-kb promoter-GUS,
3D5-GUS, and 3D6-GUS constructs responded to
DW, l-Pro, and d-Pro treatments but did not respond
to dehydration. The M4-GUS and M5-GUS constructs
did not respond to any treatments, despite the M3-
GUS and M6-GUS constructs responding to DW,
l-Pro, and d-Pro treatments.

Some Arabidopsis Genes Induced by L-Pro Have
ACTCAT Sequence in Their Promoter Regions

To know whether the ACTCAT sequence is the
common cis-acting element in the l-Pro-inducible
genes, we surveyed the promoter regions of the other

Figure 3. 3�-Deletion analysis of the ProDH promoter for the L-Pro-
and hypoosmolarity-responsive induction of the LUC reporter gene
in transgenic tobacco and Arabidopsis plants. A, Schematics of the
3�-terminal deletions of promoters fused to the LUC reporter gene.
Arrows indicate 9-bp direct repeat sequences. B, LUC activity in
transgenic tobacco plants containing 3�-terminal deletions of the
ProDH promoter fused to LUC. T1 leaves of tobacco were incubated

in DW or in 0.09 M L-Pro for 24 h. LUC activity was measured in 20
independently obtained transgenic plants for each construct. Multi-
plication factors of induction of LUC activity by DW and L-Pro
treatments are shown on the right. Bars indicate SE. C, LUC activity in
transgenic Arabidopsis plants containing 3�-terminal deletions of the
ProDH promoter fused to the LUC reporter gene. T2 seedlings of
Arabidopsis were incubated in DW or 0.09 M L-Pro for 24 h. LUC
activity was measured in seven independent transformant lines for
each construct. We measured three plants for each line and showed
average values.
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l-Pro-inducible genes. Fifty genes including ProDH
were found to be induced by l-Pro treatment using a
cDNA microarray containing 7,000 Arabidopsis full-
length cDNAs (Seki et al., 2001a, 2001b). mRNAs

Figure 4. Base substitution analysis of the 70-bp region from posi-
tions �730 to �661 of the ProDH promoter for the L-Pro- and
hypoosmolarity-responsive induction of LUC in transgenic tobacco
plants. A, Upper strand sequences of the 70-bp fragment of the
ProDH promoter and its mutated sequences (M1–M8). Each fragment
containing each mutation was ligated to the �42 ProDH minimal
TATA promoter-LUC construct. Dashes indicate the sequence of the
3D6 construct. B, Effect of base substitutions in the direct repeat
sequence for L-Pro- and hypoosmolarity-responsive expression of
ProDH. T1 leaves of tobacco were incubated in DW or 0.09 M L-Pro
for 24 h. LUC activity was measured in 12 to 26 leaves of indepen-
dent transformant lines for each construct and is shown as average
values. Bars indicate SE.

Figure 5. GUS activity and histochemical analysis in transgenic
Arabidopsis plants containing the 1.4-kb ProDH promoter or the 3D5
fragment fused to the GUS reporter gene after treatment with DW or
L-Pro. A, GUS activity in transgenic Arabidopsis containing the
1.4-kb promoter-GUS fusion gene before and after treatment with
DW or 0.09 M L-Pro for 24 h. GUS activity was measured in two
independent transformant lines for each construct. We measured five
plants for each line and showed average values. B, GUS activity in
transgenic Arabidopsis containing the 3D5 fragment fused to the
GUS reporter gene instead of the LUC reporter gene before and after
treatment with DW or 0.09 M L-Pro for 24 h. GUS activity was
measured in three independent transformant lines for each construct.
We measured five plants for each line and showed average values. C
through E, Control plants containing the 1.4-kb promoter-GUS fusion
gene grown for 2 weeks and stained for 4 h. F through H, 3D5
constructs containing the GUS reporter gene instead of the LUC
reporter gene grown for 14 d and stained overnight. C and F, Before
treatment; D and G, after treatment with DW for 24 h; E and H, after
treatment with 0.09 M L-Pro for 24 h.
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prepared from the l-Pro- and GM-treated whole
plants were used for the generation of Cy3-labeled
and Cy5-labeled cDNA probes, respectively. These
cDNA probes were hybridized with the cDNA mi-
croarray, and the expression profiles of the 7,000
genes were analyzed. We regarded genes with an
expression ratio (l-Pro-treated/GM-treated) greater
than 1.8 times as putative l-Pro-inducible genes. Fifty
l-Pro-inducible genes were identified by cDNA mi-
croarray analysis. Computer analysis showed that 27
genes including the ProDH gene have the ACTCAT
sequence in their promoter regions (Table I). We
subsequently examined l-Pro-inducible expression
of each of the 27 genes by RNA gel-blot analysis and
found that 21 genes among the 27 genes show l-Pro-
inducible expression (Fig. 7). One of these 21 genes
was induced by l-Pro slowly after 24 h of the treat-
ment (Fig. 7, RAFL06–16-D08). Six genes among the
27 genes were not induced by l-Pro.

DISCUSSION

ProDH is induced not only by rehydration after
dehydration and Pro (Kiyosue et al., 1996; Peng et al.,
1996), but also by hypoosmolarity (Nakashima et al.,
1998). We previously showed by using the GUS re-
porter gene that the 1.4-kb ProDH promoter region
contains cis-acting elements for l-Pro- and hypoos-
molarity-inducible expression of ProDH (Nakashima
et al., 1998). In this report, we chose the LUC reporter

gene for the analysis of the promoter region of ProDH.
Using transgenic tobacco plants, we carried out 5�-
and 3�-deletion analysis of the ProDH promoter re-
gion, and showed that the 90-bp promoter region from
positions �750 to �661 (3D5 fragment) functions in
l-Pro- and hypoosmolarity-inducible gene expression
(Figs. 2 and 3). However, this fragment responded to
neither l-Pro- nor hypoosmolarity in transgenic Ara-
bidopsis (Fig. 3). We thought that the LUC activity in
response to l-Pro and hypoosmolarity was too low to
detect in Arabidopsis plants containing the 3D5 con-
struct. Because we thought that the GUS enzyme is
stable and accumulates in the plant tissues, we used
the GUS reporter gene instead of LUC. The GUS
activity was induced in response to l-Pro and hypoos-
molarity in Arabidopsis plants containing the 3D5-
GUS construct (Fig. 5). Moreover, we observed l-Pro-
and hypoosmolarity-induced accumulation of the
GUS transcript in the 1.4-kb promoter-GUS or 3D5-
GUS transgenic Arabidopsis (Fig. 6). These results
indicate that the 3D5 fragment and the 1.4-kb ProDH
promoter respond to DW, l-Pro, and d-Pro but not to
GM and dehydration at transcriptional level and sup-
port that the 3D5 fragment contains a cis-acting ele-
ment for positive transcriptional regulation by Pro
and hypoosmolarity.

We also measured the LUC activities of T2 trans-
genic tobacco plants containing the 3D5-LUC, 3D6-
LUC, or 3D7-LUC constructs after rehydration by DW
(data not shown). These transgenic tobacco plants
showed the increase of LUC activities after rehydra-
tion. We have shown that the ProDH gene is induced
by rehydration in Arabidopsis plants using RNA gel-
blot analysis in our previous reports (Kiyosue et al.,
1996; Nakashima et al., 1998). Our present data based
on transgenic studies indicate that the 3D5 fragment
of the ProDH promoter is sufficient to respond to
rehydration.

The 3D5 fragment contains a 9-bp ACTCATCCT
sequence. The 3D6 and 3D7 fragments contain the
first and second ACTCATCCT sequences, respec-
tively (Fig. 3). These fragments also functioned in the
l-Pro- and hypoosmolarity-inducible expression,
whereas 3D8 and 3D9, with no ACTCATCCT se-
quence, did not. These results suggest that the ACT-
CATCCT sequence may function as a cis-acting factor
involved in l-Pro- and hypoosmolarity-inducible ex-
pression of ProDH. Then, we showed, by using base-
substituted DNA fragments, that the ACTCATCCT
sequence and the 5�-flanking sequence are required
for l-Pro- and hypoosmolarity-responsive expression
of ProDH, and that the ACTCAT sequence is the core
element in tobacco plants (Fig. 4B). Furthermore, we
carried out RNA gel-blot analysis to show that the
ACTCAT sequence is also core element in Arabidop-
sis plants using T3 transgenic Arabidopsis plants
containing the 1.4-kb promoter-GUS, 3D5-GUS, 3D6-
GUS, M3-GUS, M4-GUS, M5-GUS, or M6-GUS con-
structs (Fig. 6). The M4-GUS and M5-GUS constructs

Figure 6. RNA gel-blot analysis in transgenic Arabidopsis plants
containing the 1.4-kb ProDH promoter, 3D5, 3D6, M3, M4, M5, or
M6 fragments fused to the GUS reporter gene after treatment with
DW, GM, 0.09 M L-Pro, or 0.09 M D-Pro for 2 h or dehydration for 2 h.
The 35S-GUS construct contains the CaMV 35S-promoter and the
GUS reporter gene.
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that contain mutations in the ACTCAT sequence did
not responded to any treatments, in spite of the M3-
GUS and M6-GUS constructs responded to DW,
l-Pro and d-Pro treatments. These suggest that the
ACTCAT sequence functions as a cis-acting element
for Pro- and hypoosmolarity-responsive expression
of ProDH in Arabidopsis plants. Some transcription
factors may bind to the ACTCAT sequence and pos-
itively regulate ProDH gene expression at high
concentrations of Pro or strong hypoosmolarity. We
designated the ACTCAT sequence Pro- or hypoos-
molarity-responsive element (PRE).

We found that the ACTCAT sequence has high
homology with the TGACTC sequence, which is a
binding site for GCN4 protein (Struhl, 1982; Donahue
et al., 1983; Hinnebusch et al., 1985). The TGACTC
sequence occurs as multiple copies in the promoter

regions of genes subject to general amino acids con-
trol system in yeast and functions as a cis-acting
element involved in derepression by the general con-
trol mechanism (Struhl, 1982; Donahue et al., 1983;
Hinnebusch et al., 1985). The GCN4 protein binds to
the TGACTC sequence and functions as a positive
transcription factor (Arndt and Fink, 1986). These
reports lead to the possibility that GCN4-like pro-
teins might be positive activators for l-Pro- and
hypoosmolarity-inducible expression of ProDH by
binding to the ACTCAT sequence in the ProDH
promoter.

We sought another transcriptional activator, qa-1F,
which binds to a 16-bp sequence containing a strand
complementary to ACTCAT (Geever et al., 1989).
Neurospora crassa, a filamentous fungus, contains a qa
gene cluster that controls quinate-shikimate metabo-

Table I. L-Pro-inducible genes verified by microarray and RNA gel-blot analysis

Twenty-one genes among 50 L-Pro-inducible genes have the ACTCAT sequence in their promoter regionsa.

Gene Name Accession No.b Mips Codec Ratiod ACTCATe ATGAGT TATA Descriptionf

RAFL06-16-D08 AV824224 At2g25510 7.0 �167 to �162 �308 to �313 �30 Unknown protein
RAFL06-09-I08 AV823852 At3g22240 6.0 �427 to �422 �33 Unknown protein

�521 to �516
ProDH AB008810 At3g30775 5.9 �591 to �586 �327 to �332 �37 Pro dehydrogenase protein

�719 to �714 ProDH
RAFL06-08-C03 AV823737 At1g31580 5.3 �927 to �922 �524 to �519 �27 Putative protein

�1,031 to �1,026
RAFL11-02-D19 AV832077 At2g45180 4.7 �1,486 to �1,491 �39 Putative Pro-rich protein
RAFL04-09-O24 AV821416 At4g30270 4.6 �1,021 to �1,016 �34 Meri-5 protein
RAFL08-09-D04 AV826095 At2g39570 4.6 �775 to �770 �520 to �525 �29 Unknown protein
RAFL07-14-E05 AV825755 At1g02920 4.5 �707 to �702 �505 to �510 �35 Glutathione S-transferase

�1,315 to �1,310 �1,441 to �1,446 protein
RAFL05-12-B21 AV822819 At2g41100 4.0 �1,113 to �1,108 �1,321 to �1,326 �35 Calmodulin-related protein
RAFL06-10-C06 AV823897 At5g42530 3.8 �190 to �185 �34 Unknown protein
RAFL07-10-K05 AV825528 At4g14130 3.2 �87 to �92 �31 Probable xyloglucan

endotransglycosylase-related
protein XTR-7

�180 to �185
�364 to �369

RAFL02-07-J21 AV821161 At3g22240 3.0 �427 to �422 �33 Unknown protein
�521 to �516

RAFL11-11-M23 AV832330 At4g12470 2.9 �304 to �299 �683 to �688 �31 pEARLI 1 protein homolog
�1,012 to �1,007

RAFL02-10-H11 AV821217 At3g50480 2.7 �893 to �898 �39 Hypothetical protein
�1,257 to �1,262

RAFL05-19-C02 AV823433 At3g57520 2.7 �165 to �170 �39 Imbibition protein homolog
RAFL04-20-I24 AV822062 At2g44790 2.6 �271 to �266 �47 Phytocyanin protein
RAFL11-01-D24 AV832036 At3g01420 2.0 �140 to �135 �34 Feebly-like protein
RAFL08-09-M05 AV826133 At3g22600 2.0 �210 to �205 �28 Unknown protein

�1,044 to �1,039
RAFL05-02-O13 AV822197 At1g78830 1.9 �1,443 to �1,438 �30 Hypothetical protein
RAFL06-12-A07 AV824014 At1g72930 1.8 �210 to �205 �495 to �500 �31 Hypothetical protein
RAFL07-08-J03 AV825348 At2g41090 1.8 �599 to �594 �692 to �697 �34 Calmodulin-like calcium-

�701 to �696 binding protein CABP-22
a Upstream sequences (1,500 bp) of the 5� termini of the cDNA clones are used as promoter regions. b Accession nos. for cDNAs used in

this study. c Mips entry codes for cDNAs used in this study.

d
Fluorescence Intensity (FI) of each cDNA from plants treated with l-Pro

FI of each cDNA from plants treated with GM
�

FI of lambda DNA from plants treated with l-Pro
FI of lambda DNA from plants treated with GM

. e Nos.

indicate the nucleotide exists upstream of the 5� terminus of the putative transcription start site as described by Seki et al. (2001b). f De-
scriptions are cited from Mips database.
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lism (Baum et al., 1987). The transcription levels of
the qa genes are coordinately controlled by the posi-
tive and negative regulators qa-1F and qa-1S, respec-
tively (Geever et al., 1983, 1989). qa-1F encodes an
activator protein required for its own mRNA synthe-
sis, called autoregulation, and for the synthesis of
other qa mRNAs, including qa-1S (Geever et al., 1983,

1989). A qa-like transcription factor may be involved
in the ACTCAT transcription system in the l-Pro- or
hypoosmolarity-inducible ProDH expression.

When we stained transgenic Arabidopsis plants
containing the 1.4-kb promoter-GUS construct treated
by hypoosmolarity or l-Pro, we observed strong GUS
staining in whole plants (Fig. 5, D and E). In contrast,
in transgenic Arabidopsis plants containing the 3D5-
GUS construct, GUS staining was strong in leaves
and stems but weak in roots (Fig. 5, G and H). We
previously reported that GUS activity in roots in-
creased when transgenic Arabidopsis seeds contain-
ing the 1.4-kb promoter-GUS construct were germi-
nated in water (Nakashima et al., 1998). However,
GUS activity was not increased in the germination of
transgenic Arabidopsis seeds containing the 3D5-
GUS construct (data not shown). The 1.4-kb promoter
region of ProDH has an as-1 sequence (TGACG, �560
to �556) that is involved in gene expression in roots
(Katagiri et al., 1989). An as-1 cis-acting element or
other elements may be involved in ProDH expression
in roots of Arabidopsis.

Arabidopsis plants exposed to drought or high-salt
stress accumulate a high content of Pro (Yoshiba et
al., 1995; Kiyosue et al., 1996; Nanjo et al., 1999b). In
these cases, ProDH expression is repressed even if
Pro is accumulated in stressed Arabidopsis plants
(Kiyosue et al., 1996). We showed that the GUS tran-
script in transgenic Arabidopsis plants containing the
3D5-GUS construct did not increase after 2 h of de-
hydration (Fig. 6). We also observed that the GUS
activity in the transgenics did not increase after 5 h of
dehydration or high-salinity treatment with 250 mm
NaCl solution (data not shown). These results sug-
gest that the 90-bp region between �750 and �661 of
the ProDH promoter also contains negative regula-
tory elements for l-Pro-inducible expression of the
gene under water stress. This region may contain
binding sites for negative transcription factors that
inhibit l-Pro-inducible expression, in spite of the ac-
cumulation of Pro under water stress. There seem to
be several transcription factors that bind to the ACT-
CAT sequence. Some may inactivate ProDH expres-
sion under dehydration and others may activate
ProDH expression after release from water stress.

To elucidate whether the promoter region of the
other l-Pro-inducible genes have the ACTCAT se-
quence, we used an Arabidopsis full-length cDNA
microarray (Table I; Fig. 7). We found that 27 l-Pro-
induced genes have the ACTCAT sequence in their
promoter regions, and we showed that 19 genes
among the 27 genes have similar induction patterns of
that of ProDH by RNA gel-blot analysis. These results
suggest that the ACTCAT sequence is conserved in
many l-Pro-inducible promoters and plays a key role
in l-Pro-inducible expression. Two l-Pro-inducible
genes have the ACTCAT sequence encode cell
wall-associated proteins (RAFL07–10-K05, RAFL04-
09-O24, Table I). Pro and Hyp are components of cell

Figure 7. RNA gel-blot analysis of L-Pro-inducible genes verified by
using the full-length cDNA microarray. RNA samples from Arabidop-
sis plants transferred from GM plates to GM solution (GM) or GM
plates to 0.09 M L-Pro solution (L-Pro) for 1, 2, 5, 10, and 24 h and
untreated plants (control) were hybridized with PCR-amplified or
sfiI-digested DNA fragments as probes.
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wall as Pro-rich proteins and Hyp-rich glycoproteins,
respectively (Nanjo et al., 1999b), which suggest that
these two may be controlled by l-Pro treatment.
However, some l-Pro-inducible genes do not have
the ACTCAT sequences in their promoter region,
which suggests the existence of other cis-acting ele-
ments for l-Pro-inducible gene expression.

We propose a model for l-Pro- and hypoosmo-
larity-inducible expression of ProDH based on our
results (Fig. 8). During rehydration, plant cells are
exposed to high concentration of l-Pro accumulated
during dehydration and hypoosmolarity. The ProDH
promoter contains the ACTCAT sequence, which
may be involved in ProDH expression via l-Pro and
hypoosmolarity. To determine the relationship be-
tween l-Pro content and DW treatment in Arabidop-
sis, we measured the l-Pro content in Arabidopsis
plants after incubation in DW (data not shown).
There was no significant change in the l-Pro content
within 2 h after incubation in DW, and but it de-
creased within 5 h. This l-Pro decrease may be
caused by the induction of ProDH expression under
hypoosmosis. These results show that DW treatment
does not increase the l-Pro content, and that the DW
and l-Pro treatments independently affect the induc-
tion of ProDH expression (Fig. 8). A high concentra-
tion of l-Pro and hypoosmolarity caused by the ab-
sorption of water independently regulate the
expression of ProDH through the cis-acting element,
PRE, with ACTCAT motif under rehydration.

Because we determined a novel cis-acting element
for the l-Pro- and hypoosmolarity-responsive ex-
pression of ProDH, we tried to identify DNA-binding
proteins that bind to PRE using nuclear extract from
l-Pro- or hypoosmolarity-treated Arabidopsis plants
(data not shown). However, we could not detect any
PRE-binding proteins in the nuclear extract. PRE-
binding proteins might be unstable in the nuclear
extract. To isolate cDNA encoding the PRE-binding
proteins, we are now screening Arabidopsis cDNA
library prepared from rehydrated plants using a
yeast one-hybrid system. Identification of the tran-
scription factors that bind to PRE will help us under-

stand the molecular mechanisms of rehydration
process.

MATERIALS AND METHODS

Transgenic Plants

The 5�-deleted fragments of the ProDH promoter region were synthesized
by the PCR using 5� primers containing a HindIII site at the 5� end and 3�
primers containing a BamHI site at the 5� end. The PCR products were
cloned into the HindIII and BamHI sites of the pBluescript II vector (Strat-
agene, La Jolla, CA), and the resulting plasmids were confirmed by sequenc-
ing and then digested with HindIII and BamHI. They were ligated into the
HindIII and BamHI sites of the promoterless vector pBI101.1 containing the
LUC reporter gene instead of the GUS reporter gene. The 3�-deleted or
base-substituted fragments of the ProDH promoter region were synthesized
by PCR by using 5� primers containing a HindIII site at the 5� end and 3�
primers containing a SalI site at the 5� end. The PCR products were cloned
into the HindIII and SalI sites of the pBluescript II vector, and the resulting
plasmids were digested with HindIII and SalI. They were ligated into the
HindIII and SalI sites of the promoterless GUS or LUC expression vector
pBI101.1 containing the minimal promoter region of ProDH (�42 to �122).
Tobacco (Nicotiana tabacum cv SR1) and Arabidopsis (Columbia ecotype)
were transformed as previously described (Valvekens et al., 1988; Benfey et
al., 1989).

Plant Growth and Treatments

T1 transgenic tobacco plants or T2 transgenic tobacco seedlings were
grown on Murashige and Skoog agar medium containing 100 �m kanamy-
cin at 25°C under continuous light (2,000 lux). Leaves or whole plants with
four to five leaves were removed from the medium and frozen in liquid
nitrogen immediately (control) or transferred to plates containing DW for
hypoosmolarity or 0.09 m l-Pro and incubated under dim light (100 lux) for
24 h. T2 or T3 seedlings of transgenic Arabidopsis were grown on GM agar
plates containing 20 �m kanamycin at 22°C between 3 and 4 weeks under
continuous light (2000 lux) as previously described (Nakashima et al., 1998).
Unbolted whole plants were pulled out from the agar medium and were
frozen in liquid nitrogen immediately (control) or were transferred to plates
containing DW, GM solution, GM with 0.09 m l-Pro instead of 0.09 m Suc
(l-Pro), or GM with 0.09 m d-Pro instead of 0.09 m Suc (d-Pro) or were
subjected to dehydration stress and incubated under dim light (100 lux) for
2 or 24 h.

Assay of LUC Activity

LUC activity was assayed in leaf extracts of T1 transgenic tobacco plants
or whole-plant extracts of 2- to 3-week-old T2 transgenic tobacco or Arabi-
dopsis plants subjected to several treatments for 24 h with the Pica Gene
LUC assay kit (Toyo-Ink, Tokyo) according to the manufacturer’s instruc-
tions. Protein concentration of the extracts was determined by the Bradford
method (Bio-Rad, Hercules, CA). We measured light intensity of the extract
containing 5 �g of protein for 30 s and represented it as relative LUC
activities.

Assay of GUS Activity and Histochemistry

For analysis of GUS activity in young seedlings, the transgenic Arabi-
dopsis plants subjected to several treatments for 24 h were grown on GM
agar plates for 2 to 3 weeks under continuous light (3,000 lux; Valvekens et
al., 1988). GUS activity was assayed in extracts of the seedlings by fluoro-
metric determination of the production of 4-methyl umbelliferone from the
glucuronide precursor using a standard protocol (Jefferson et al., 1986). GUS
activity was histochemically localized by prefixing 14-d-old whole trans-
genic plants in 0.3% (v/v) formaldehyde in 50 mm sodium phosphate (pH
7) for 10 min (Hatton et al., 1995), incubating them in 1 mm 5-bromo-4-
chloro-3-indolyl glucuronide at 37°C for 4 h or overnight, fixing, and then
dehydrating in a 50% to 100% (v/v) ethanol series (Nakashima et al., 1998).

Figure 8. A model for the induction of ProDH under rehydration.
ProDH expression is up-regulated by rehydration after dehydration,
through L-Pro accumulation and hypoosmolarity. The transcription
factor (TF) may be activated by Pro signaling or hypoosmolarity and
bind to the ACTCAT sequence. The expression of ProDH may then
be induced.
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RNA Gel-Blot Analysis

Total RNA was isolated from unbolted whole Arabidopsis plants sub-
jected to several treatments for 2 h as previously described (Kiyosue et al.,
1993). Fragments of the coding region of GUS or the ProDH cDNA were
labeled by the random-primer method with [�-32P]dCTP (Amersham Bio-
sciences AB, Uppsala) using the random-primed DNA-labeling kit (Roche
diagnostics, Mannheim, Germany). The labeled fragments were hybridized
with RNA according to standard protocols (Kiyosue et al., 1994).

Arabidopsis Full-Length cDNA Microarray Analysis

Arabidopsis (Columbia ecotype) plants were grown on GM agar at 22°C
for 3 weeks under continuous light (2,000 lux) as previously described
(Nakashima et al., 1998). Unbolted whole plants were transferred to plates
containing GM or 0.09 m l-Pro and incubated under dim light (100 lux) for
24 h. Total RNA was isolated from l-Pro-treated or GM-treated whole
plants using TRIZOL Reagent (Invitrogen, Carlsbad, CA). One milligram
of total RNA was used for isolation of mRNA by MACS mRNA Isolation
Kit (Miltenyi Biotec, Bergisch Glabach, Germany). Three micrograms of
mRNA was employed on microarray analysis (Seki et al., 2001a). mRNA
samples from l-Pro-treated plants for 24 h were fluorescently labeled with
Cy3-dUTP, and samples from GM-treated plants for 24 h were labeled
with Cy5-dUTP. After hybridization with the full-length cDNA microarray
and scanning, relative expression ratios were calculated.
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